Background: The assembly of Photosystem I requires additional protein factors. Results: Arabidopsis RNAi mutants of PPD1 were characterized for Photosystem I function and assembly. Conclusion: The PPD1 protein serves as a factor to facilitate functional assembly of Photosystem I. Significance: RNAi suppression of PPD1 provides new details on its function in Photosystem I assembly.
PS I catalyzes the light-driven transfer of electrons from the lumenal protein plastocyanin to the stromal protein ferredoxin (1, 2) . Cyanobacterial PS I is composed of 12 protein subunits, whereas higher plant PS I contains at least 15 protein subunits (2, 3) . Additionally, numerous cofactors are associated with the complex. Photochemical charge separation in PS I occurs at the reaction center P 700 , a special chlorophyll pair coordinated to the core PS I subunits PsaA and PsaB. The stromal side of the photosystem contains the extrinsic proteins PsaC, PsaD, and PsaE, which facilitate binding of oxidized ferredoxin and association with ferredoxin-NAPD ϩ reductase. On the lumenal side of PS I, the extrinsic domains of the PsaA, PsaB, and PsaF proteins along with the soluble subunit PsaN form the docking site for reduced plastocyanin, the soluble protein responsible for transferring electrons from the cytochrome b 6 f complex to PS I. In plants, the assembled PS I complex associates with its antenna complex LHC I, comprising chlorophyll proteins Lhca1-Lhca4, to form the PS I-LHC I supercomplex (4) .
Although a great deal is known about PS II assembly and repair (5) , much less is known about the steps required to form functional PS I (2) . One PS I assembly intermediate from plants, containing the subunits PsaA-F, PsaH-J, and PsaL, has been identified (6) . Labeling experiments suggest that PS I assembly occurs rapidly (2, 6) , which complicates experimental efforts to identify additional PS I assembly intermediates. A number of assembly factors have been identified that transiently associate with PS I to facilitate the incorporation of various PS I subunits into the functional complex. The Ycf3 protein is involved in the assembly of the stromal side of PS I and is required for stable complex accumulation (7) (8) (9) . The Y3IP1 protein was identified as an interacting partner of Ycf3. Mutations in this protein also result in the loss of PS I accumulation (10) ; however, the precise role of Y3IP1 remains unclear. The Ycf4 protein is essential for PS I assembly in Chlamydomonas reinhardtii but not in plants or the cyanobacterium Synechocystis (7, 11, 12) . Pyg7 is a tetratricopeptide repeat protein that associates with PS I and is required for accumulation of PS I subunits and complexes (13) . Proper integration of cofactors into PS I also affects assembly of the complex. The rubA mutant in Synechococcus sp. PCC 7002 does not properly assemble the F x iron-sulfur cluster (14) . As a result, there is a decrease in the amount of PS I complexes, and those that do assemble lack the PsaC, PsaD, and PsaE proteins on the stromal side of the complex (15) .
PsbP domain protein 1 (PPD1), a member of the PsbP protein family found in the thylakoid lumen of plants, has also been reported to be a PS I assembly factor (16, 17) . Arabidopsis ppd1 T-DNA mutants do not contain detectable levels of the PPD1 protein, are not photoautotrophic, and do not assemble detectable levels of PS I (16) . To further elucidate the role of the PPD1 protein in PS I assembly, RNAi silencing was used to suppress PPD1 expression in Arabidopsis. This technique yields individuals exhibiting a range of phenotypes correlated to the suppression of the targeted gene and is particularly useful for gaining additional functional information when null alleles result in severe or lethal phenotypes (18 -20) . Here, we report that the suppression of the PPD1 protein in PPD1 RNAi plant lines appears highly correlated with the loss of assembled PS I. The accumulation of the PsaF, PsaG, and PsaN subunits and plastocyanin (PC) was the most affected in the PPD1 RNAi plants. This observation was consistent with observed defects in LHC I antenna coupling to PS I and electron transfer to P 700 ϩ . In addition to these PS I defects, LHC II antenna proteins functionally associated with the PS I complexes which did accumulate in the PPD1 RNAi plants. The role of the PPD1 protein as a PS I assembly factor is discussed.
EXPERIMENTAL PROCEDURES
Plant Growth Conditions-Surface-sterilized seeds of wildtype A. thaliana var. Columbia (Col-0) were germinated on solid Murashige-Skoog medium (21) containing 2% sucrose and 0.7% agar and then incubated for 2 days at 4°C in the dark. The seedlings were transferred to soil 14 days later and grown at 20°C under 50 -80 mol of photons m Ϫ2 s Ϫ1 white light under 8-h light/16-h dark diurnal conditions.
RNAi Line Construction-The pHANNIBAL vector (22) was used to construct an intron-spliced hairpin RNA (RNAi construct). Because PPD1 is a member of an extended gene family, a region of the gene unique to PPD1 with little sequence similarity to other genes within the PsbP family was chosen as the RNAi target. The sequence (ϩ628 to ϩ790) of the PPD1 gene (At4g15510) was chosen for expression suppression (see Fig.  1A ). This construct will be referred to as PPD1 RNAi. The primers were 5Ј-GCTCTAGAGAGCATGATGATGGGCTTG-CTC-3Ј and 5Ј-CCATCGATGCACCAGCTCCTCGGACT-TGG-3Ј for the sense fragment and 5Ј-CCGCTCGAGGAGC-ATGATGATGGGCTTGCTC-3Ј and 5Ј-GGGGTACCGCAC-CAGCTCCTCGGACTTGG-3Ј for the antisense fragment. After construction and verification by sequencing, the expression region was excised from the pHANNIBAL vector with NotI and then subcloned into the pART27 plasmid. The resultant PPD1 RNAi plasmid was introduced into Agrobacterium (strain GV3101) by the freeze-thaw method (23) . Healthy, flowering WT plants were then transformed by the floral dip method as described previously (24) . Surface-sterilized seeds were spread on solid Murashige-Skoog medium containing 2% sucrose, 0.7% agar, 50 mg/liter kanamycin, and 400 mg/liter carbenicillin and then incubated for 2 days at 4°C in the dark. The transgenic kanamycin-resistant seedlings were transferred to soil after the first true leaves appeared and grown as de-scribed above. It should be noted that the more severely affected PPD1 RNAi strains grew extremely poorly and did not set seed. Consequently, all characterization was performed on primary transformant plants.
Chlorophyll Fluorescence Measurements-Chlorophyll fluorescence measurements were performed using a Joliot Type Spectrophotometer (JTS-10, Bio-Logic Science Instruments) in fluorescence mode with a 520 nm actinic light source. Detached leaves were incubated in the dark for 5 min and subsequently illuminated at the indicated light intensity for 4 min. Chlorophyll fluorescence was collected over the entire time course. The fluorescence parameters are defined as follows: Steady-state P 700 Measurements-Measurements of steadystate P 700 oxidation and reduction were also performed with the JTS-10 in absorbance mode using the "pulse of dark" method. Detached leaves were dark-incubated for 5 min prior to each measurement. Samples were illuminated, and the absorbance changes at 705 nm were measured to assay the oxidation of the PS I P 700 reaction center during illumination followed by reduction of P 700 ϩ in the subsequent dark period. To specifically excite PS I and the LHC I antenna, a 720 nm actinic light source with 20-s illumination was used. To excite LHC II as well as PS I-LHC I, a broadband orange light source with a peak of 630 nm with 5-s illumination was used. Data were analyzed using Origin version 8.1 and proprietary software provided by Bio-Logic Science Instruments.
Protein Gel Electrophoresis and Detection-For analysis of the thylakoid membrane protein complement, thylakoid membranes were isolated from wild-type and PPD1 RNAi mutant plants as described previously (19) . Chlorophyll concentration was determined by the method of Arnon (25) . Protein concentration was determined using the bicinchoninic acid (BCA) protein assay (Pierce) on 1% SDS-extracted thylakoid membranes after being diluted to 0.1% SDS. LiDS-polyacrylamide gel electrophoresis (PAGE) was performed on 12.5-20% polyacrylamide gradient gels with samples loaded based on equivalent total protein amounts (26) . The resolved proteins were electroblotted onto PVDF membranes (Immobilon-P, Millipore Corp.). After blocking for 2 h with 5% nonfat dry milk in 150 mM NaCl, 10 mM Tris-HCl, pH 7.4 (TS), the blots were washed extensively with TS. The blots were then incubated with diluted primary antibody followed by incubation with an anti-rabbit IgG-peroxidase conjugate (Sigma). Immobilized antibodies were detected with a chemiluminescent substrate (SuperSignal West Pico chemiluminescent substrate, Pierce), and the blots were exposed to x-ray film. For semiquantitative analysis of protein amounts, a standard curve for the chemiluminescence signal for a series of wild-type thylakoid amounts was generated for each protein signal using NIH ImageJ software (27) . The integrated chemiluminescence signals from a dilution series of wild-type membrane samples were used to determine the relative abundance of various proteins in the PPD1 RNAi mutant samples. The antibodies used were directed against the AtpB, PsaB, PsaF, PsaG, PsaN, PC, Lhca1, Lhcb1, cytochrome f, and CP47 proteins. The PPD1-specific antibody was raised in rabbit against a recombinantly expressed PPD1 protein containing a C-terminal histidine tag.
Blue native (BN) PAGE was performed as follows. For thylakoid solubilization, membranes were resuspended in buffer A (25 mM BisTris-HCl, pH 7.0, 20% (w/v) glycerol, and 0.25 mg of 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride/ml) to a final concentration of 1 mg of chlorophyll/ml, and an equal volume of 1.6% (w/v) dodecyl ␤-D-maltoside (Anatrace) freshly prepared in buffer A was added. The final concentrations were 0.8% (w/v) dodecyl ␤-D-maltoside and 0.5 mg of chlorophyll/ ml. Thylakoids were then incubated on ice for 5 min and centrifuged at 14,100 ϫ g at 4°C for 15 min. For solubilization with digitonin, thylakoid membranes were resuspended in buffer A as described above, and an equal volume of 3% digitonin in buffer A was added for a final concentration of 1.5% digitonin and 0.5 mg of chlorophyll/ml. This mixture was incubated at 4°C with gentle agitation for 1 h and then centrifuged at 14,100 ϫ g at 4°C for 15 min. The supernatant was supplemented with 1 ⁄ 10 volume of loading buffer (100 mM BisTris-HCl, pH 7.0, 0.5 M ⑀-amino-n-caproic acid, 30% (w/v) sucrose, and 50 mg of Serva Blue G/ml) and loaded on a gel with a 5.5-15% gradient of acrylamide in the separation gel. Electrophoresis was performed at 4°C at constant voltage for a total of 21 h beginning with 4 h at 70 V followed by 17 h at 120 V. Upon increasing the voltage, the cathode buffer was exchanged for buffer lacking the dye. For subsequent LiDS-PAGE, slices from BN-polyacrylamide gels were incubated with loading buffer (5% LiDS, 15% sucrose, 12.5% ␤-mercaptoethanol, and 62.5 mM Tris-HCl, pH 6.8) for 2 h, and proteins were electrophoresed and blotted as described above. Two-dimensional (BN-LiDS) polyacrylamide gels were silver-stained as described (28) .
RESULTS

PPD1 RNAi Individuals Exhibit a Range of Phenotypes for Plant Growth and PS I Function-
A previous report characterized a T-DNA insertion mutant of PPD1 in Arabidopsis, and these plants were devoid of PS I (16) . Our work characterizes RNAi lines that suppress PPD1 expression and allows the recovery of autotrophic transformants representing a range of phenotypes with respect to plant growth and PS I function. Fig.  1B shows wild-type and PPD1 RNAi mutant plants. Individual PPD1 RNAi-E, -F, and -H plants showed significantly stunted growth relative to wild type, whereas PPD1 RNAi-J was closer in size to wild type. Note that because individual primary transformants were characterized in this study, only a subset of experiments could be performed on each individual plant due to the small plant size and limiting sample size for the more severely affected mutant plants.
In correlation with the plant growth phenotype, P 700 oxidation and reduction measurements using far red (720 nm) actinic illumination showed a significant decrease in the formation of P 700 ϩ (Fig. 2, A-C) . The extent of the absorbance change at 705 nm for PPD1 RNAi-E, -F, and -H plants was only ϳ15% that of wild-type plants for all actinic light intensities examined. The PPD1 RNAi-J individual had an absorbance change at 705 nm similar to wild type at the lowest light intensity, but for higher actinic light intensities, PPD1 RNAi-J exhibited an absorbance change of 70% of wild type. These results indicate that suppression of PPD1 expression by RNAi yielded individual transformants with a range of growth and P 700 ϩ accumulation defects.
Interestingly, although low amounts of P 700 ϩ were observed upon illumination at 720 nm ( Fig. 2 , A-C), equivalent or greater P 700 ϩ was observed for the PPD1 RNAi mutants upon illumination with 630 nm actinic light (Fig. 2 , D-F). These differences suggest alterations in antenna coupling in the PPD1 RNAi mutants because these wavelengths differentially excite the two different antenna systems within the thylakoid. Although 720 nm illumination primarily excites LHC I, 630 nm illumination excites LHC II in addition to LHC I. Based on these P 700 data, it appears that LHC I is poorly coupled to PS I in the PPD1 RNAi mutants. The 630 nm data suggest that LHC II is functioning as an antenna complex for PS I in the PPD1 RNAi mutants. The redox state of the plastoquinone pool balances electron transfer through the two photosystems by controlling function of the LHC II antenna. Under State I conditions (oxidized plastoquinone pool), LHC II transfers energy to PS II, whereas under State II conditions (reduced plastoquinone pool), LHC II also transfers energy to PS I. Defects in the accumulation of PS I would be expected to lead to oxidation of the plastoquinone pool, an increased accumulation of plastoquinol, and consequently State II-like conditions (29 -31) . Therefore, it is reasonable to expect that LHC II serves as an antenna for PS I in the PPD1 RNAi mutants.
Measurements of chlorophyll fluorescence also provide evidence of an imbalance in photosystem function leading to a reduced plastoquinone pool. Steady-state fluorescence values (F s ) in the light are indicative of an over-reduced plastoquinone pool and consistent with diminished PS I function (32) . Fig. 3 shows the F 0 -normalized chlorophyll fluorescence inductions for wild type and the PPD1 RNAi-E, -F, -H, and -J individuals measured at three different light intensities. The extent of the F s increase is inversely correlated to the PS I function measured with 720 nm actinic light in Fig. 2 . Notably, measurements taken at different actinic light intensities show that the F s increase over the course of the measurement is ameliorated with increasing light intensity. This result also points to a possible antenna defect in the PPD1 RNAi mutants. The accumulation of a reduced plastoquinone pool appears to be a conse- 
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quence of diminished PS I function leading to an imbalance in photosystem function and alterations in the chlorophyll fluorescence induction curves.
Loss of PPD1 Results in Altered Thylakoid Membrane Protein Supercomplexes-To obtain further details on the function of PPD1, native and denaturing gel electrophoreses were used to investigate the levels of accumulation of protein complexes as well as individual protein subunits within the thylakoid membranes in the PPD1 RNAi mutants. To have sufficient plant material for these biochemical experiments, PPD1 RNAi primary transformants were pooled according to their P 700 signal under far red (720 nm) illumination (Fig. 4A ). The P 700 absor-bance changes relative to wild type for the PPD1 RNAi mutants were grouped as follows: I, 80 -100%; II, 50 -60%; III, 30 -45%; and IV, Ͻ25%. Note that the absorbance changes for measurements using orange (630 nm) illumination were equivalent for wild type and all PPD1 RNAi groups (Fig. 4B ). Pictures of representative plants for wild type and PPD1 RNAi Groups I-IV are shown in Fig.  4C . It should be noted that the individual PPD1 RNAi-E, -F, and -H would correspond to Group IV, whereas the individual PPD1 RNAi-J signal would correspond to Group II based on their P 700 absorbance change using far red illumination. Thylakoid membranes were isolated from these groups of individuals and used for protein analysis by BN-and LiDS-PAGE. AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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Native gel electrophoresis was performed to assay the accumulation of protein complexes in the thylakoid membranes of wild-type and PPD1 RNAi plants. It should be noted that semi- quantitative immunoblotting using LiDS-PAGE could not be performed for PPD1 detection because the PPD1 protein comigrates with the abundant Lhcb proteins, which occlude its signal. However, on native gels, the PPD1 protein could be reliably detected for semiquantitative analysis. The PPD1 protein migrated as part of a complex with a molecular mass of ϳ300 kDa near the bands for PS II monomer and the cytochrome b 6 f complex, separate from the PS I and PS I-LHC I bands (Fig. 5 ). BN-PAGE showed a direct relationship between the loss of PPD1 and decreased accumulation of PS I complexes (Fig. 6 ). In the most severely affected PPD1 RNAi lines (Group IV), the PPD1 accumulation was ϳ38% that of wild-type plants (Fig.  6B) . Similar decreases were observed for the PS I subunit PsaF and the LHC I subunit Lhca1 at the position of the PS I-LHC I complex molecular weight. Clearly, the loss of PPD1 is correlated with the loss of PS I and PS I-LHC I complex accumulation.
Semiquantitative immunoblotting of LiDS-PAGE gels was performed to determine the total accumulation of individual protein subunits in the thylakoid membranes from wild type and PPD1 RNAi mutants from the most severely affected plants (Group IV). Despite the significant reduction in PS I and PS I-LHC I complexes detected in native gel electrophoresis, the overall accumulation of thylakoid protein subunits was quite variable especially with respect to PS I subunits (Fig. 7) . There was little loss of accumulation of the PsaB protein, but the amounts of the PsaF, PsaG, and PsaN proteins were significantly decreased in the PPD1 RNAi mutants. Thus, the PsaB and Lhca1 proteins accumulated in the thylakoid membranes but did not accumulate in the form of PS I-LHC I complexes as indicated by immunodetection of BN-polyacrylamide gels. The soluble electron carrier PC was also significantly decreased in abundance in the PPD1 RNAi mutants. The accumulation of cytochrome f (101%) was the same as observed in wild type, whereas more CP47 accumulated (134%) and less AtpB (76%) was present than in the wild-type plants. The amounts of the antenna proteins Lhca1 (LHC I) and Lhcb1 (LHC II) increased 2-fold in the PPD1 RNAi mutant plants. These antenna complex subunits accumulate independently of the photosystem proteins (33) . Thus, the total amount of Lhca1 protein in the thylakoid membranes increased (Fig. 7) , but the assembly of Lhca1 into PS I-LHC I complexes decreased in the PPD1 RNAi mutants. These results indicate that PPD1 is required specifically for the accumulation of some PS I subunits and PC.
BN-PAGE of thylakoid samples solubilized with the detergent digitonin was also performed to detect PS I-LHC I-LHC II "megacomplexes," which contain the LHC II antenna in addition to LHC I (34) . Fig. 8A shows the comparison of protein complexes present in wild-type and PPD1 RNAi digitonin-solubilized thylakoids. The differences in PS I complex distribution between wild-type and the PPD1 RNAi plants can also be seen in two-dimensional (BN-LiDS) PAGE (Fig. 8B) . The PS I complexes in wild-type thylakoids were predominantly the PS I-LHC I and PS I monomer forms (corresponding to bands 2 and 4 in Fig. 8B) . In contrast, although lower amounts of the PS I complexes are present in the PPD1 RNAi mutant thylakoids, the complexes that do form appeared to partition equally between the PS I-LHC I-LHC II and PS I-LHC I forms (corre- sponding to bands 1 and 2 in Fig. 8B) . These results show that in wild type PS I exists predominantly as PS I-LHC I with very little PS I-LHC I-LHC II. The PPD1 RNAi mutants have an increased amount of PS I-LHC I-LHC II relative to wild type (Fig. 8B , compare the amounts of band 1 for the WT and PPD1 RNAi panels), consistent with the P 700 data indicating that LHC II functions as a PS I antenna in these mutants. The accumulation of PS I-LHC I-LHC II complexes has been reported previously for other PS I subunit mutants, consistent with the hypothesis that defects in PS I function mimic State II-like conditions favoring LHC II association with PS I (34) .
Loss of PPD1 Leads to Specific Defects on the Lumenal Side of PS I-The
PsaF and PsaN subunits contribute to the docking site of PC in PS I (2, 35) . Because all of these components were significantly decreased in abundance in the PPD1 RNAi plants (Fig. 7) , one would predict differences in the kinetics of electron transfer from PC to the P 700 reaction center. Indeed, the steadystate P 700 measurements of PPD1 RNAi plants identified kinetic differences in PS I electron transfer. The t1 ⁄ 2 values for P 700 oxidation and P 700 ϩ reduction were determined from the P 700 measurements performed using 630 nm light (Table 1) . 630 nm actinic illumination was used for these measurements because the signal amplitude for all of the samples (wild type and the RNAi mutants) was similar. The PS I complexes in the severely affected PPD1 RNAi mutants had significant defects in electron transfer from plastocyanin to P 700 ϩ . With increasing suppression of PPD1, the reduction of P 700 ϩ was slowed by a factor of 2 for the PPD1 RNAi Group IV plants, which exhibited the lowest PPD1 expression level relative to wild type. A similar trend was observed for the Group II and III plants, which accumulated intermediate levels of PPD1. The P 700 oxidation rates were not significantly different between wild type and the various PPD1 RNAi groups.
These P 700 measurements do not represent the intrinsic oxidation and reduction rates of P 700 that occur on a picosecond time scale. These steady-state measurements monitor the balance between P 700 oxidation and reduction that occurs under continuous illumination conditions. The steady-state accumulation of P 700 ϩ is a consequence of a more rapid oxidation of P 700 and a relatively slower reduction of P 700 ϩ . It is important to note that the loss of PS I in the PPD1 RNAi lines should shift the redox equilibrium toward an over-reduced plastocyanin pool. Consequently, one would hypothesize that the P 700 ϩ reduction rates would be apparently faster in the PPD1 RNAi lines under these conditions if the only role of PPD1 were in PS I complex accumulation. Our data contradict this hypothesis because electron transfer in the PS I complexes was slower in the most severely affected mutants. It is unlikely that the differences in the megacomplex composition of the PPD1 RNAi mutants (i.e. stable State II-like conditions) affect P 700 ϩ reduction kinetics. Other PS I subunit mutants (psae1-3 and psad1-1) have been reported to have State II-like properties (over-reduced plastoquinone pool, phosphorylated LHC II, and PS I-LHC I-LHC II megacomplex formation) similar to those observed for the PPD1 RNAi mutants, but these exhibit no effects on P 700 ϩ reduction kinetics (36, 37) . Altogether, these results are consistent with a role for PPD1 in the formation of a functional PS I lumenal side.
DISCUSSION
The results from the PPD1 RNAi plants provide additional insights on the role of PPD1 because a range of phenotypes with respect to PS I accumulation and function was observed. Although the original description of the ppd1 insertion mutant was the complete loss of PS I accumulation (16) , the PPD1 RNAi lines showed a correlated loss of PS I assembly with loss of PPD1. Our results show that, in the presence of small amounts of PPD1, fewer PS I complexes accumulate, and these complexes have defects in coupling of LHC I to PS I as well as in electron transfer from plastocyanin to P 700 ϩ . This suggests that decreased amounts of PPD1 result in defects in the assembly of the lumenal side of PS I. P 700 ϩ reduction is dependent on both the availability of reduced PC and the efficient docking of PC to the lumenal side of the PS I complex. In the PPD1 RNAi plants, both of these factors appear to be affected. The amount of detectable PC is decreased as well as the PS I subunits that contribute to the PC docking site of the lumenal side of PS I. The N-terminal extension of the plant PsaF protein along with the lumenal PsaN protein and lumenal loops of the PsaA and PsaB proteins serves as the docking site for reduced PC (1, 38, 39) . The PPD1 RNAi mutants that exhibit decreased accumulation of PsaF and PsaN are phenotypically similar to mutants deficient in these two components. Like previous reports for PsaF-and PsaN-deficient plants, the PPD1 RNAi plants have decreased PS I accumulation, loss of energetic coupling of LHC I to PS I, and slower electron transfer from plastocyanin (40, 41) . It should also be noted that PPD1 RNAi plants had significantly decreased levels of the PsaG protein, which has also been reported to stabilize the association of LHC I with PS I complexes (42) . Thus, the defects in LHC I coupling to PS I in the PPD1 RNAi plants is likely a combinatorial effect of the loss of PsaG and PsaF. No direct interaction between PPD1 and PsaF, PsaG, or PsaN has been reported, but our results are consistent with the observation that PPD1 may associate with the lumenal loop regions of the PsaA and PsaB proteins, which had been reported earlier (16) . Our data provide the first direct evidence that the lumenlocalized PPD1 protein contributes to PS I function as well as accumulation. We propose a role for PPD1 in the optimal assembly of the lumenal portions of PS I to ensure its proper assembly and function.
The PS I assembly defects in the PPD1 RNAi mutants induce secondary effects with respect to LHC II function. The loss of PPD1 leads to an apparent reduction of the plastoquinone pool because of the increased activity of PS II relative to PS I. In an apparent attempt to compensate for this imbalance, there is a change in antenna function to reduce the excitation pressure on PS II and provide more excitation energy to the small amount of PS I present. There are several lines of evidence consistent with this interpretation of photosynthetic activity in the PPD1 RNAi mutants. There were significant decreases in P 700 oxidation for the PPD1 RNAi mutants relative to wild type upon illumination at 720 nm, which primarily excites LHC I. However, equivalent AUGUST 22, 2014 • VOLUME 289 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 23783 P 700 oxidation was observed for wild type and mutants upon illumination at 630 nm, which excites both LHC II and LHC I. It has been shown that the reduced state of the plastoquinone pool activates the STN7 kinase, which phosphorylates LHC II and triggers its detachment from PS II and subsequent association with PS I (34, 43) . Our data indicate that the PPD1 RNAi plants showed a relative increase in the amount of PS I-LHC I-LHC II megacomplexes. Consequently, the most severely affected PPD1 RNAi mutants contain a larger proportion of PS I-LHC I-LHC II relative to PS I-LHC I compared with wild-type plants.
PPD1, a Photosystem I Assembly Factor
The effects on PS I assembly described above indicate that the PPD1 protein does not merely have a catalytic role in PS I assembly where small protein amounts are required for biogenesis efficiency. Our data suggest that PPD1 is required for PS I accumulation as well as proper function with respect to electron transfer on the lumenal side of the complex. In this capacity, PPD1 may associate with PS I assembly intermediates to ensure proper integration and folding of the lumenal side of the complex, which contains domains of the PsaA, PsaB, PsaF, and PsaN proteins. Without sufficient amounts of the PPD1 protein, PS I complexes are not properly assembled and are likely subject to degradation (16) . Also, defects in the integration of PsaF and PsaG contribute to the loss of energetic coupling of LHC I to PS I. This putative role is consistent with the correlation between PPD1 accumulation and stable PS I accumulation seen in the PPD1 RNAi mutants. The electron transfer data presented in this work and previous data showing an interaction of PPD1 with the lumenal loops of PsaA and PsaB are also consistent with PPD1 functioning as an assembly factor for the lumenal portion of PS I (16) .
Finally, in this work, PPD1 was shown to be predominately part of a complex with an apparent molecular mass of 300 kDa. It is unknown whether the PPD1-containing complex is the same as the PS I assembly intermediate identified by Ozawa et al. (6) , but the sizes are similar. Future studies will focus on identifying the components of the PPD1-containing complex to determine when its assembly occurs during PS I biogenesis.
